Introduction {#sec1}
============

Honeybees have lateralized responses to olfactory stimuli, shown as a bias of better learning to associate an odor with a food reward *via* use of the right antenna ([@ref28]). In bees trained using both antennae, memory recall of an odor-reward association is better *via* stimulation of the right antenna in the shorter term after learning and *via* the left antenna in the longer term after learning ([@ref38]). These asymmetries are matched by left-right asymmetry of neural olfactory coding in the antennal lobes ([@ref37]) and asymmetrical gene expression in the left and right sides of the brain ([@ref21]).

Honeybees also have lateralized response to an unconditioned stimulus: by presenting sucrose solution to the left or right antennae and scoring proboscis extension response (PER) [@ref2] showed that the right antenna was more responsive than the left antenna and also that the right antenna was more resistant to habituation of the response than was the left antenna. These asymmetries may, at least in part, depend on a higher number of olfactory receptors on the right antennae of honey bees ([@ref13]). Response to the odor of killed brood is, however, stronger in honeybees using their left antenna than in those using their right antenna, as shown by electroantennography of hygienic, worker bees ([@ref30]).

In the current study, we tested lateralization of initial responses of honeybees to floral odors and to the alarm pheromone, isoamyl acetate (IAA). IAA, also referred to as isopentyl acetate, is the main active component of the sting pheromone of the honeybee ([@ref4]), and the function of sting pheromone is to recruit bees from the hive to attack ([@ref15]) or to elicit flight ([@ref48]). The attack response includes, initially, abdomen elevation and pumping ([@ref6]), followed by searching and orienting to the source of the odor, and the bee emits high-pitched buzzing and makes body thrusts, which can lead to stinging. It also increases flight and localization of a moving target ([@ref48]). Consistent with stimulating the fight-flight system, IAA also inhibits foraging behavior ([@ref16]; [@ref20]) and it blocks olfactory learning ([@ref45]).

As shown by [@ref22], IAA primes worker bees for flight and/or fight. *Via* effects on the honeybee's opioid system, it induces two opposing systems, approach *versus* withdrawal ([@ref34]). Since, in electroantennographic recordings, the right antenna responds more strongly to IAA than does the left antenna ([@ref1]), we were interested in investigating the possibility that the detection of IAA *via* the right antenna might elicit approach behavior, in preparation for fighting, whereas the left antenna might elicit withdrawal, as a precursor to flight behavior. In other words, as shown in the vertebrate nervous system ([@ref41]), one side of the honeybee brain might control initial approach behavior and the other side control withdrawal behavior (see e.g. [@ref36]), bearing in mind that excitatory inputs from each antenna are processed mainly on the ipsilateral side of the brain ([@ref44]). This is at least the case in the antennal lobes, which are the primary olfactory centers, although not at the next level of processing in the mushroom bodies, where after a period of delay the olfactory memory trace becomes bilateral ([@ref43]), or in the lateral horn ([@ref5]).

Our main hypothesis concerned lateralized turning toward versus away responses to the alarm pheromone, which we compared to turning responses to several familiar and unfamiliar floral odors that suppress the fight/flight response ([@ref31]).

Materials and Methods {#sec2}
=====================

Worker honeybees, *Apis mellifera*, were captured while foraging and tested within an hour by presenting odors to the left or the right side of the bee's head, using a method shown previously to stimulate the left or right antenna ([@ref38]). To assess approach and withdrawal, it was necessary to allow the bees to move relatively free; i.e., not be restricted as they are when harnessed in holders, the method used previously to demonstrate asymmetry of response to odors in bees (e.g., [@ref38]; [@ref2]). Therefore, during testing, the bee was tethered using a light thread tied loosely around the body between the thorax and the abdomen and with a length of 20 cm running under the bee's ventral surface. The end of this thread was anchored to the bench top. This allowed the bee to move by walking or flying in a restricted space. A three-sided enclosure with plain, white walls (40 cm × 40 cm × 30 cm) prevented the bee from receiving patterned visual input frontally or laterally. Odors were presented only when the bee was stationary on the floor of the cage and facing away from the open side of the enclosure. Then, an odor was presented in a droplet at the tip of the needle on a syringe and held at a distance of 1--2 cm to the left or right side of the bee, being sure not to touch the antenna (details in [@ref38]). The first response of the bee was to turn either toward or away from the odor/droplet, and this was recorded. "Turning toward" was recorded if the bee moved its head and antennae, and its whole body, in the direction of the presented droplet. "Turning away" was recorded for head with antennae and whole body turning in a direction away from the droplet. Failure to respond by turning was recorded as "no response" if presentation of odor elicited no immediate turning. In some tests, PER responses were also noted.

The following odors were presented: isoamyl acetate (IAA, 98% Aldrich Chemical Co., lot number 06422AX) at dilutions of 1:300, 1:100, and 1:10; lemon oil (Queen Fine Foods Pty Ltd) diluted 1:300; orange oil (Authentic Oil Co.) undiluted; rose water (Queen Fine Food Pty Ltd) diluted 1:75; and odor of a freshly crushed flower of *Hakea decurrens*. In the latter case, the flower was crushed with an earbud and that was presented in testing. Each odor was presented to a bee five times on the left side and five times on the right side in random order, and intervals between presentations were approximately 60 s. The bees were released after testing.

One set of tests was conducted at the University of New England, Australia, on bees collected as they were feeding on Hakea flowers. These bees were tested with IAA 1:300 dilution, lemon, rose water, and crushed Hakea flowers. There were 12 bees tested on each odor. A second set of tests was conducted in Italy (North-East Italy, near Vicenza, in a garden of flowers) with IAA 1:100 and 1:10 dilution and orange oil. Nine bees were tested on each of these odors.

All comparisons of the scores of left versus right side presentations were made using two-tailed paired t-tests.

Results {#sec3}
=======

Responses to all three concentrations of IAA were similar: viz., turning toward the odor when it was presented on the right side and away from it when it was presented on the left side ([Figure 1](#fig1){ref-type="fig"}). For turns toward when presentation of IAA was on the right compared to turning toward when it was presented on the left in the test using 1:300 dilution of IAA, the difference was significant (*t*(11) = 3.388, *p* = 0.006), as it was for the 1:100 dilution (*t*(8) = 3.825, *p* = 0.005) and the 1:10 dilution (*t*(8) = 6.107, *p* = 0.0003). No significant difference in "no responding" scores was found for left versus right comparison at any dose of IAA. However, turning away was more frequent when the odor was presented on the left side compared to the right side (*t*(11) = 3.398, *p* = 0.006 for the 1:300 dilution; *t*(8) = 3.250, *p* = 0.012 for 1:100 dilution; *t*(8) = 5.9330, *p* = 0.0003 for 1:10 dilution). PER responses were scored only in trials with the 1:300 dilution of IAA, and they were rare (mean and standard error of mean, SEM, for the left side were 0.33 ± 0.22, and for the right side, it did not occur).

![Responses to three concentrations of isoamyl acetate. Means and standard errors are plotted. L and R refer to left antenna and right antenna, respectively. Turning toward and turning away from the presented odor were scored, as well as no response. Asterisks indicate significant differences between left and right antenna. Note that presentation to the right antenna elicits turning toward, whereas presentation to the left antenna elicits turning away, and this is significant at all dilutions of IAA.](fpsyg-10-00280-g001){#fig1}

Body thrusting or pumping, a known response to IAA stimulation ([@ref48]), was scored only for the tests with the 1:300 dilution of IAA, lemon, and rose. Whereas body thrusts occurred in 30% of the bees exposed to IAA, this response did not occur in any of the tests with lemon or rose. There was no significant bias for body pumping to occur more frequently in presentations to the left or right side of the bee (Wilcoxon matched pairs, *p* \> 0.05).

Bees responded to presentations of the familiar odor of Hakea flowers with consistent turning toward on both the left and right sides (no significant difference between turning toward on the left versus toward on the right side, *t*(11) = 1.4832, *p* = 0.337: [Figure 2A](#fig2){ref-type="fig"}). Scores of responding by turning away and those of not responding were very low. Although no lateral asymmetry of turning was present in tests with this odor, PER was more common in tests with this odor than with any other of the tested odors and significantly more so for right-side presentation (mean and SEM; left side: 0.83 + 0.41 and right side: 1.42 ± 0.58; two-tailed t-test, *t*(11) = 2.5483, *p* = 0.027).

![These data are presented in the same manner as in [Figure 1](#fig1){ref-type="fig"}. **(A)** Tests with the odor of Hakea flowers: note turning toward for presentations on the left and right and also the few 'turning away' and 'no responses'. **(B)** Orange oil revealed asymmetry: turning toward was significantly higher on presentation of the odor to the right than the left antenna and turning away was significantly higher on presentation to the left than the right antenna. **(C)** Rose water presentation revealed no significant differences between the left and right antennae but note that turning toward was more common than away. **(D)** Lemon elicited more turning toward responses when presented to the right than the left antenna though not significantly, and turning away from the odor was almost significantly higher on presentation to the left than the right antenna (*p* = 0.052, indicated by \#). Asterisks indicate significant differences (see text for details).](fpsyg-10-00280-g002){#fig2}

Presentation of orange oil revealed asymmetry ([Figure 2B](#fig2){ref-type="fig"}): the bees turned toward this odor when it was presented on their right side and did so rarely when it was presented on their left side (*t*(7) = 9.3785, *p* = 0.00001). Presentation on the left side led to either not responding or turning away (comparison of scores for turning away when presentation was on the left versus on the right; *t*(7) = 3.9886, *p* = 0.0053).

Rose water elicited slightly more "turning toward" than "turning away" ([Figure 2C](#fig2){ref-type="fig"}), but comparison of scores of turning toward on the left versus the right revealed no significant difference (*t*(11) = 1.1681, *p* = 0.267). A few PER responses occurred (mean and SEM, left side: 0.33 ± 0.33, right side: 0.42 ± 0.34), but there was no significant left-right difference in the PER scores.

In the tests with lemon oil, the bees were more likely to turn away, especially when this odor was presented on the left side ([Figure 2D](#fig2){ref-type="fig"}). However, scores for turning away on left-side presentation were not significantly higher than scores for turning away on right-side presentation (*t*(11) = 2.1712, *p* = 0.0526), although there was a trend toward significance. Left-right comparison of scores for turning toward did not reveal a significant difference (*t*(11) = 1.7334, *p* = 0.1109). No PER responses were elicited in trials with lemon oil.

Discussion {#sec4}
==========

The odors isoamyl acetate (IAA), orange, and (marginally) lemon all revealed significant lateralization of responding: all three of these odors elicited turning toward the source of the odor when it was presented on the bee's right side and turning away from it when it was presented on the bee's left side.

The direction of laterality was the same for all doses used to test responses to the alarm pheromone, IAA. At all doses, the bees had higher scores for turning toward the IAA odor when it was presented on their right side and higher scores for turning away when it was presented on their left side. The strengths of these complementary responses were equal at least for the two lower concentrations of IAA. On presentation of the higher concentration of IAA (1:10 dilution), turning away from presentation on the left side was higher than turning toward on the right side.

The bees responded strongly to the natural odor of Hakea flowers, on which they had been feeding immediately prior to being brought to the laboratory for testing, and did so by turning toward the odor when it was presented on their left or on their right side. This result provides a control for the trials with IAA, since it shows that turning direction, on the left side at least, is odor-dependent.

There was also no asymmetry in responding when the bees were tested with rose odor. This result suggests that lateralized responding is odor-dependent or possibly dose-dependent. Further tests with varying doses of floral odorants are needed to determine this.

In the case of IAA, it is possible that turning toward is a precursor to attack, perhaps stimulated by higher responsiveness to IAA by receptors in the right antenna and consistent with the results found by electroantennography ([@ref1]). Also, higher levels of aggression (indicated by adopting of the C-response body posture) between pairs of bees taken from different hives have been recorded when both bees have only their right antennae intact compared to pairs with only their left antennae intact ([@ref42]). Since aggression between bees from different hives is likely to be accompanied by, or triggered by, the release of the alarm pheromone, it seems reasonable to deduce that the bees in our tests with IAA were stimulated to turn toward and attack by inputs from the right antenna to the right side of the brain. The contrasting response of turning away from IAA presented on the left side would, therefore, indicate avoidance of an aggressive encounter.

Presumably, turning toward flower odors is not a precursor to attack but appetitive behavior related to obtaining nectar. In fact, floral odors inhibit aggression in honeybees ([@ref32]). Consistent with this, proboscis extension responses (PER) were observed when Hakea odor was presented, significantly more so in response to presentation on the right side than on the left side. This side bias is consistent with specialization of the right antenna to learn to associate an odor with a sugar reward ([@ref28]) and to recall short-term memory of this association ([@ref38]).

The response when orange odor was presented was mainly turning toward on the right side (PER not recorded). For lemon odor, it was mainly turning away on the left side and no PER occurred. Since the bees tested in Italy could have had some exposure to orange or other citrus flowers, this might explain their generally positive response stimulated by presentation of odor to their right antenna. By contrast, the bees tested in Australia had had no prior exposure to lemon or other citrus odors, since no species of citrus grow in the high and cold altitude of their location, and this could explain their higher levels of avoidance, especially when lemon was presented on the left side.

We suggest that prior experience with the odors presented may explain the differences in lateralized responses to the floral odors, since we have shown previously that prior experience with an odor associated with reward, and thus already in long-term memory, can cause response competition and absence of antennal laterality in subsequent tests ([@ref10]).

Lateralization of brain function is characteristic of both vertebrates ([@ref46]; [@ref41]; [@ref39]; [@ref47]; [@ref35]) and invertebrates ([@ref12], [@ref9], [@ref14]; [@ref40]). For example, magpies view a model predator (an eagle) with their right eye before they approach it and with their left eye before they take flight from it ([@ref26]). This seems to be a pattern of brain asymmetry common to vertebrate species ([@ref29]; [@ref41]), including humans ([@ref7]). Given the fact that the optic nerves decussate almost entirely in species with mainly lateral vision and with very little binocular overlap, this laterality reflects control of approach by the left side of the brain and of withdrawal by the right side of the brain. In other words, the direction of this asymmetry appears to be opposite to that seen in bees, suggesting that the asymmetry in invertebrates is analogous, not homologous, to that in vertebrates.

Some research has been conducted on turning behavior in other invertebrate species although in other contexts than the one we tested. For example, ants, *Temnothorax albipennis*, exploring a branching maze, display a preference to turn leftwards ([@ref23]) and so do water bugs, *Belostoma flumineum* ([@ref25]). In the case of the ants, the causation of this bias may, at least in part, be explained by the fact that they have a different number of ommatidia in each eye ([@ref24]).

Although it may not seem immediately obvious why an animal would be stimulated to turn toward an odor on the right and away from it on the left, such occurrence of population-level asymmetries has been modeled by game theoretical analysis when one lateralized individual interacts with another lateralized individual ([@ref18]; [@ref19]), and it is an evolutionary stable strategy ([@ref46]; see [@ref41],[@ref42], [@ref40] for examples of this in bees). Here, we emphasize that response to alarm pheromone is an important social behavior in bees. We have suggested elsewhere ([@ref46]) that asymmetries may have evolved initially at the individual level as a way to optimize neural circuitry, avoiding duplication of functions and promoting parallel processing (which could have been particularly relevant for animals with a relatively small number of neurons), and that departures from equiprobable distribution of asymmetric forms (or its maintenance) may depend on task demands and interindividual interactions ([@ref11]).

Since IAA upregulates the levels of serotonin and dopamine in the honeybee brain ([@ref33]), it would be interesting to see whether these neural changes associated with defensive attack are lateralized or, in other words, are controlled predominantly by inputs from the right antenna. [@ref33] have suggested that IAA may not act as an actual stimulus of attack but rather as a modulator of an internal threshold of likelihood to attack. Our results lead us to propose that such a threshold may differ for the left and right antennae and left and right sides of the brain.

It is also possible that visual cues played a role in the laterality that we measured. In the case of IAA, when the odor is detected by the bee on its right side, attention to the visual cues could elicit orientation (turning) to the stimulus to be attacked, whereas, on the left side, the visual cues are ignored and the response is turning away as a precursor to flight. This explanation would be consistent with the honeybee's known lateralization of attention to visual stimuli. [@ref27] showed that honey bees could be trained to associate a visual cue with a food reward provided that they used their right eye but not when they used their left eye. The defensive behavior of honeybees involves processing of multimodal formation ([@ref31]), and different sensory inputs may be assessed in different ways on each side of the brain.

The presence of lateral differences in bees responding to odors should alert researchers of the neuronal aspects of olfactory processing to investigating inputs from the left and right antennae separately, as done by [@ref17], although they reported no asymmetry, and by [@ref3], who did report asymmetry of neuroligin 1 expression following amputation of the left versus the right antenna. Perhaps because of the [@ref17] report, asymmetrical aspects of neural processing of odors have rarely been taken into account (e.g. [@ref49]; [@ref8]). We suggest that side differences in olfactory responding are important and should be considered in future research.
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